Goal. The purpose of the article is the creation of a three-phase instantaneous coordinates Simulink computer model of the power supply and automatic coordinates control system (ACS) of the DSP-200 type arc furnace electric mode (EM). The model has a convenient interface for changing the structure and parameters of the three-phase arcs power supply system, the structure and laws of the electric mode control system, as well as the stochastic characteristics of parametric and coordinate disturbances. Method. The provisions of the electric circuits theory, experimental study and mathematical and computer simulation in the Simulink system of the MatLAB computing environment were used for the research. 
Introduction. Arc furnaces are powerful electrotechnological facilities for melting steels and alloys mainly from scrap metal. Considering the considerable installed power and the extremely dynamic asymmetric and non-linear nature of the load, it is not always possible to carry out experimental studies of their modes and parameters of the melting process in the arc furnaces in view of a number of organizational, technical and industrial reasons. Particular difficulties arise when it is necessary to carry out experimental research for various structures of the automatic control system (ACS), for its various parameters, for various circuit changes in the power supply circuit of three-phase arcs, and so on.
Problem definition. One of the approaches to obtaining the indicated information (indicators of dynamics, electrotechnical efficiency and electromagnetic compatibility) is mathematical and computer simulation [1, 2] . However, the existing mathematical and computer models of processes in the arc furnaces in terms of speed, accuracy of reproduction of modes, functional capabilities, the convenience of changing the structure, parameters and setting of model experiments do not meet the modern requirements for a comprehensive study of dynamics, electrotechnical efficiency and electromagnetic compatibility.
Review the recent publications. Existing computer models [3, 4] have a complicated and awkward interface for changing the parameters and structure of the ACS of EM and the power supply of the three-phase arcs, the laws of the control of the electric mode, the operative formation of perturbation characteristics with different stochastic characteristics corresponding to the investigated technological stages melting, statistical processing of simulation results in on-line mode that complicates the computer research of the EM of the arc furnace in search of the best solutions for the structure and parameters of the ACS and the laws governing the EM. Some of the known models are used only for the analysis of the process of coordinate change of the EM in a power circuit in a power circuit without a closed system of regulating arc lengths in averaged coordinates [5] , others have a complicated and awkward interface for changing the structure of the ACS, control laws, indices of parametric and coordinate perturbations, dependencies of dynamic volt-ampere characteristics of arcs, etc. [6] [7] [8] . They have peculiar or low accuracy of modes reproduction [5] , or limited functional capabilities for setting up and conducting various mathematical experiments [6] [7] [8] .
Justification of relevance. Therefore, the problem of the creation of new high-precision and highperformance computer models of the power supply system and the ACS of the coordinates of the arc furnaces' EM which takes into account all the main nonlinearities, peculiarities of the changes of parametric and coordinate disturbances in the melting process in which convenient interfaces of the structure change, control laws and parameters of the ACS are implemented, the formulation of mathematical experiments and the statistical processing of the results of research for today is an actual and important scientific and technical task.
The goal of the work is the creation of a threephase in the instantaneous coordinates structural Simulink model of the system of supply of three-phase arcs and the system of automatic control of the electric mode of the arc furnace and the study of the parameters of the dynamics of electrical regimes and indicators of electromagnetic compatibility with its use.
The scientific task is to create a structured Simulink model of the three-phase arc power supply system and an automatic control system for arc furnace electric regime based on the combination of model elements of the Simulink library and the structural blocks SimPowerSystem of the Matlab code.
Structural Simulink model of the power supply system and the ACS of the coordinates of the EM of the DSP-200 furnace. Fig. 1 shows the developed functional circuit of the power supply system of threephase arcs without a zero conductor and a one-circuit system of automatic regulation of coordinates of the EM with a differential law for the formation of a control signal on the displacement of electrodes (automatic adjustment of arc lengths).
On the basis of this functional circuit, a Simulink computer model (Fig. 2 ) was created which is configured for the parameters of the power supply system, power electrical equipment and arc power regulator of ARDMT-12 type (ACS of the coordinates of the EM) of an arc furnace type DSP-200. The testing of the model was carried out by comparing the dynamics indicators of the development of the working out of deterministic and stationary random disturbances by the length (voltage) of the arc obtained on the operating arc furnace DSP-200 and on the developed its Simulink model under differential control law.
For adequate reproduction in the developed computer model of the real dependencies of the dynamic volt-ampere characteristics (DVAC) of arcs occurring at different technological stages of melting, in the modulus of three-phase arcs of the Simulink model the possibility of realization in the current mathematical experiment is envisaged of one of the four models corresponding to the main technological stages of melting -the linear u a (t) = R a (t)i a (t) and the nonlinear ones -based on the arc tangent function u a (t) = 2E am (t)arctan(ki a (t))/; on the basis of the differential Cassie equation nonlinear functional dependence on the basis of the use of piecewise linear and piecewise nonlinear splines u a (t)=(i a (t),l a (t)) with the possibility of reproduction of the hysteresis properties of the arc, ignition peaks, arc extinguishing, etc., where g a (t), R a (t) are the instantaneous arc conductivity and resistance; E am is the maximum value of anti-EMF of the arc; u a (t), i a (t), l a (t)) are the instantaneous arc voltage, current and length,  a is the time constant characterizing the thermal inertia of the arc [9] . The model of the block of three-phase arcs for making the corresponding structural and parametric changes has the potential to reproduce the above types of arcs DVAC which are inherent in different technological stages of melting.
In Fig. 2 elements of the model of the three-phase symmetric electric network (EN), the furnace transformer unit (FTU) and the secondary conductor -short network (SN) of the furnace which represent a model of the power electric circuits of the supply of the three-phase arcs of the arc furnace with the corresponding DVAC indicated in yellow which are collected on the elements of the SimPowerSystems library (red). On these elements the possibility of reproduction of the four types of dynamic arcs DVAC described above which take place at different technological stages of melting is realized.
Voltage sources reproduce the three-phase sinusoidal voltage of the arc furnace power supply network with a frequency of 50 Hz, amplitude 2 35 kV and the angle of shift of 120 electrical degrees. Block «furnace transformer» represents a three-phase transformer with a transformation coefficient k tr = 35000/480 = 72.92 and power S = 125 MVA.
The block «total impedance» simulates the total resistance of all active resistances of elements of the power supply system of the arcs (choke, transformer, short network and electrode in each phase) which are united in resistance r ss , and all their inductive resistances are united in resistance х ss .
The red block I a (U a ) reproduces the static internal characteristic of the arc furnace DSP-200 for the appropriate stage of the power furnace transformer.
The orange block is a controlled voltage source whose input-output characteristic is formed by the block I a (U a ) and the perturbation setting block.
Violet blocks from the group of elements of the perturbation setting simulate the deterministic and random perturbations along the arc length which arise during the arc furnace operation at arc gaps at different technological stages of melting. The purpose of this group of blocks is the formation of various time realizations of disturbances along the arc length in the phases of a short furnace network, with the same statistical characteristics that correspond to the investigated technological stages of melting.
Blocks of bright blue color reproduce the model of the block of comparison of input signals of the ACS for realization of the corresponding law of formation of the signal of the EM mismatch. Its output signal is the U dis mismatch signal, and its «input-output» dependence U dis =F(U a , I a ) varies according to the investigated law of electric mode control.
Elements of the Simulink model of dark green color simulate the static dependence «input-output» of the block of the formation of a control signal on displacement of the electrode of a particular phase of the furnace. It implements the «zone of insensitivity» ( = 2...10 %), the gain factor for lifting and lowering the electrodes, limiting the maximum speed U t max for lifting and U d max for lowering of the electrodes, reproduces the inertia of the low frequency filter which is connected in each phase at the output of the rectifiers of the current sensor CS and the voltage sensor VS. Fig. 3 shows the static characteristic of the control signal formation block
The block «Reducer» serves to convert the angular velocity of the motor reduced to the angular velocity of the gear, into the linear displacement of the electrode and is represented in the Simulink model by a non-linear link of the type «backlash» and the integrating link that simulate the mechanical gear type «gear-rail». The «oscillating link» block reproduces a limited rigidity of the individual elements of the kinematic circuit of the mechanism of moving the electrodes, in particular the vertical column, the horizontal arm of the electrode holder and the electrode itself. The group of green elements simulates the electric drive of the mechanism of displacement of the electrode of the ARDM-T-12 type arc power regulator which is assembled according to the circuit «reverse thyristor converter -DC motor» with a nonlinear negative feedback on the current of the armature and a motor negative on speed and with summation of these signals on the input amplifier.
In RMS blocks, the current values of current and arc voltage are continuously calculated in the simulation process by the formula
In Table 1 experimental results for the DSP-200 furnace which describe the static external characteristics of this furnace I a (U a ) and the dependence of the arcs power P a (U a ) which are reproduced by functional blocks in the model in the power circuit model of the DSP-200 furnace are shown.
In Fig. 4 , 5 the model dependences of these two main characteristics of the DSP-200 arc furnace are constructed on the basis of these experimental data.
In Fig. 5 dashed lines show the coordinates of the point of maximum arcs power and arcs power points which corresponds to the steady mode of the furnace at the first stage of the furnace transformer voltage. The coordinates of the point of the steady state (voltage and current of the arc) correspond to the settings of the ARDM-T-12 type arc power regulator on the U set voltage and the I set arc current, respectively. The Simulink model structural circuit includes a module of the generator of the deterministic (in particular, the extreme ones which cause symmetric or asymmetric by the phases operational short circuits or breakdowns of the arc) and stationary random disturbances along the length of arcs which, according to the stochastic characteristics, correspond to the perturbations acting in the arc gaps in the investigated technological stages. The created Simulink model also includes a module for calculating the integral characteristics of temporal processes of changing the coordinates of the EM and the indicators of electromagnetic compatibility which in a complex manner characterize the efficiency of the control of the modes and the dynamics of coordinates adjustment of the EM of the furnace DSP-200 with the adjusted structure of the ACS for a certain technological stage, the perturbation characteristics and the chosen control laws for the EM.
The study of the accuracy of the created Simulink model was performed on the basis of a comparison of mathematical expectations and dispersion of the processes of the change in the mean-square values of arcs currents I a (t) obtained on the operating arc furnace DSPA-200 and its Simulink model at various technological melting stages. Comparison of their meanings was performed on the basis of the M-criterion of Bartlett [10] . The criterion estimates for the mathematical expectation t M and for the dispersions t D of arcs currents were obtained by formulas (1) and (2) Investigation of the dynamics and efficiency of different structures of the ACS of the EM of the DSP-200 furnace. In the first stage of the research, the simulation of the processes in the electric drive of the mechanism of the displacement of the electrodes (electromechanical system «thyristor converter -motor» (TC-M)) of the ARDM-T-12 type arcs power regulator and the mechanism of electrode displacement (MED) was performed. Their dynamic and static properties significantly affect the parameters of quality of control of arcs lengths (the working out of perturbations along the arcs lengths). Fig. 6 shows a fragment of the general Simulink model of DSP-200 which reproduces the processes of changing the coordinates of the electric drive and the MED in one phase, and Fig. 7 shows obtained on this model dynamical processes of changing the current of the armature I m (t) and the angular velocity  m (t) of the MED motor in the deterministic changes of the control signal U c (t) on the input of the thyristor converter. with a deterministic change in control signal U c (t) of the electric drive of the MED Fig. 8 shows obtained on the developed Simulink model the temporal dependences of changes of the instantaneous values of the voltage of the secondary winding of the FT u 2pf (t) and the current i a (t) and the voltage u a (t) of the arc in the phase A in the quasistationary mode of working out of random perturbations in the nonlinear arc DVAC which is described by the function of the arctangent. The given temporal dependences illustrate the effect of the trapezoidal shape of the voltage on the arcs which is observed at the end of the melting of the solid charge on the distortion of the sinusoidal shape of the arc current and the phase voltage of the secondary winding of the furnace transformer unit. On computer models, we also investigated the modes of working out the asymmetrically in the phases deterministic perturbations along the lengths of arcsmodes of one-and two-phase short circuits and breakdowns of the arc and determined their respective indicators of the quality of the dynamics.
So, Fig. 9 shows the obtained processes of changing the current values of voltage U a (t), current I a (t), arc and current I m (t), and the speed  m (t) of the motor of the electric drive of the mechanism of displacement the electrode in all three phases at working out the short circuit in the phase A for a differential control law of the lengths of arcs. Fig. 10 shows obtained on the developed Simulink model the temporal dependences of the same EM coordinates in each of the phases of the power circuit of the DSP-200 furnace and the motor of the electric drive of the MED of the arc power regulator ARDM-T-12 in the mode of working out of the extreme (symmetrical in phases) of perturbation which leads to a three-phase breakdown of arcs. Analysis of the temporal dependences shown in Fig. 9, 10 shows the oscillating nature of the processes of working out the specified deterministic extreme disturbances with the regulation time of 1.2 s and 1.4 s, respectively.
In addition to the differential law, other laws of the formation of a control signal on the displacement of electrodes were also investigated. Fig. 11 shows obtained on the model the temporal dependences of the change in the coordinates of the EM (voltage U a (t), current I a (t), arc) of the arc furnace DSP-200 and the coordinate of the motor of the mechanism of the displacement of the electrode (current I m (t), speed  m (t) for each of the phases) at working out of the breakdown of the arc in the phase A and regulation by the law of deviation of the arc voltage from the given U dis =k(U a.set -U a ). The main perturbations in the process of melting of charge in an arc furnace are stationary random perturbations along the arc length stochastic characteristics of which vary during melting. With the occasional nature the voltage on the power supply buses of the arc furnace also fluctuates, and also the parameters of the elements of the power circuit (elements of the furnace's short network) also accidentally change, and so on.
To reproduce in the compiled Simulink model the random processes of coordinate and parametric disturbances mentioned above, a module for the generation of three independent implementations of random processes with identical stochastic characteristics and the possibility of changing their parameters in correspondence with the characteristics of these perturbations operating in the studied technological melting stages in the operating arc furnace DSP-200 is developed and included to the model.
In the initial stages, the indicated perturbations have the maximum amplitudes in the range of low frequencies (0.2-1.5 Hz), then the amplitudes decrease, and their frequencies increase, and in the stage of oxidation and refining (in particular the stage of boiling of the slag), the amplitudes are minimal, and their frequencies lie in the band of 5-8 Hz. In the developed module of the generation of random perturbations, the possibility of such a change in their parameters in accordance with the values of the parameters of stochastic characteristics of real disturbances in the investigated technological stages of melting is realized. A fragment of such random perturbations for the technological stage of fusing wells in the arc furnace DSP-200 is shown in Fig. 12.   Fig. 12 . A fragment of random perturbations along the lengths of arcs f(t) in three phases at the stage of wells fusing
As an example, Fig. 13 shows the obtained on the developed structural Simulink model at the action of stationary random perturbations along the arc lengths the processes of changing the arcs currents at the working out by the power regulator of the type ARDM-T-12 of stochastic perturbations in each phase during the technological period of boiling of the slag and under the control by the differential law. On the created Simulink-model, mathematical experiments were conducted to study the dynamical indicators at using each of the above-mentioned control laws in the single-circuit ACS (ARDM-T-12 regulator), as well as at the joint action of the electromechanical circuit (ARDM-T-12 arc power regulator) and only highspeed electric circuit for regulating arcs currents (twocircuit structure of ACS [11] ) under the action of both deterministic and stationary random coordinate and parametric perturbations in each phase.
As an example, Fig. 14 shows the results of the performed mathematical experiments on the study of the process of working out of deterministic perturbations which resulted in a symmetrical three-phase short circuit in the DSP-200 furnace only at operation of the electromechanical circuit with a differential control law. (Fig. 14,a) ; only high-speed electric circuit (Fig. 14,b ) and in the case of joint operation of both circuits (twocircuit ACS, Fig. 14,c) . As can be seen from the processes shown in Fig. 14 , at the use of one-circuit ACS (electromechanical circuit -ARDMT-T-12 arcs power regulator), the time of regulating arcs currents is t reg = 1.65 s, at operating the high-speed circuit t reg = 0.05 s, and for the two-circuit ACS t reg = 0.125 s. Some increase in the time of regulation in the two-circuit ACS is due to the asymmetry of the dynamics of the regulation of the electromechanical circuit through the phase-phase asymmetry of the parameters of the power elements of the short network of the arc furnace DSP-200. Practical interest is the indicators of dynamics of the two-circuit ACS of the electric mode of the DSP-200 in the working out of stationary accidental perturbations along the arc length in different stages of melting, since such disturbances are the main ones on each smelt. That is why on the created Simulink model, a number of mathematical experiments were conducted to study the indicators of the dynamics of the regulation of the EM coordinates, indicators of energy efficiency and electromagnetic compatibility. The purpose of these studies was to obtain integral assessments of the quality of dynamics, in particular the value of the dispersion of currents (voltages, powers) of arcs and indicators of electromagnetic compatibility of arc furnace modes and a network in the operation of a two-circuit ACS, as the most perfect in terms of energy efficiency and, for comparison, the indicators of the other two structures of ACS of the electric modes under the influence of stationary random perturbations in different technological stages of melting.
As an example, Fig. 15, 16 show the temporal dependences of disturbances (Fig. 15,a and Fig. 16,a) and their corresponding temporal arcs currents dependences (Fig 15,b and Fig. 16,b) in three phases corresponding to the technological stages of wells collapse and meltdown of a solid charge (Fig. 15 and Fig. 16, respectively) , in the operation of the two-circuit system for automatic regulation of arcs currents of the arc furnace DSP-200. In Table 2 average in phases the values of the dispersions of arcs currents obtained in computer experiments under the action in arc gaps of the same realizations of three-phase disturbances along the arcs lengths for the same technological stage but at the functioning of different structures of the ACS of the EM of the DSP-200 are presented. The analysis of presented in the Table 2 values of dispersions of arcs currents shows that the use in the control system structure of the high-speed electric circuit of regulating arcs currents allows to significantly reduce the dispersion of currents by 2.5-5 times.
Due to the increase of the speed of regulation of arcs currents in the two-circuit structure of the ACS, the phase autonomy (symmetry) of arcs currents regulation, active and reactive powers, as well as the indicators of energy efficiency and electromagnetic compatibility of the arc furnace modes and the network are improved. Table 3 shows the results obtained from model research on the developed Simulink model of integrated estimates of some indicators of electromagnetic compatibility of arc furnace DSP-200 modes and the power supply network. The analysis of the obtained estimates of the parameters of the electromagnetic compatibility of the modes of the DSP-200 furnace and the power supply network at various technological stages of melting showed that the coefficient of distortion of the sinusoidal currents of the power supply network C thd in the operation of the two-circuit ACS compared with the operation of a one-circuit one (power regulator ARDMT-12) decreases by 12-20 %, the coefficient of power cosφ in the operation of the two-circuit ACS increases by 6-10 %, the voltage fluctuations of the power supply network U ss of the furnace thus decreases by 30-40 %, while the dose of the flicker F-by 48-65 %.
At the same time, due to the significant improvement of the dynamics of arcs currents regulation (reducing the dispersion of arcs currents), in the operation of a two-circuit ACS, the power of electrical losses in a furnace's short network decreases, including for the account of reduced reactive power consumption, respectively the electrical efficiency improves, the dispersion of the arcs power decreases and the uniformity in time and in phases (along the perimeter of the melt) of the input of active power into the furnace improves (thereby melt is more uniformly heating up and, accordingly, the local overheating of the melt and the side walls of the furnace masonry are eliminated). Increasing the speed of regulation of arcs currents positively affects the alignment of the phase loads of the furnace and as a result, the negative effect of the «wild» and «dead» phase is practically eliminated or significantly weakened, as well as the coefficient of phase asymmetry of the electrical supply network voltage is reduced.
Conclusions. 1. Based on the application of the statistic M-criterion of Bartlett it is shown that the created three-phase in instantaneous coordinates Simulink model has sufficient accuracy (adequacy) of the reproduction of the processes of changing arcs currents.
2. Created on the basis of a combination of typical elements of the Simulink application library and SimPowerSystems blocks of the Matlab software, the structured Simulink model of an arc furnace has a convenient setup interface for studying the dynamics indices of the EM and the electromagnetic compatibility indices for different structures and parameters of the ACS and the power circuit of the power supply of three-phase arcs, control laws, dependencies of dynamic volt-ampere characteristics of arcs and parameters of stochastic characteristics of perturbations.
3. Obtained values of quality indicators of dynamics of the investigated structures of the ACS of the EM of the arc furnace DSP-200 have shown that the best indicators of the dynamics inherent in two-circuit control system: compared with one-circuit system (arcs power regulator ARDM-T) the regulation time of arcs currents at working out of extreme disturbances of the electric mode (shortcircuit and breakdowns of the arc) using a high-speed circuit in the structure of a two-circuit ACS decreases 20-40 times, and the arcs currents dispersion at working
